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In recent years, demand for light-weight and/or high-strength
sheet metals such as aluminum alloys and advanced strength steels
has steadily increased in automotive applications. Also, in order to
save materials and reduce vehicle weight, automotive companies
are developing tailor-welded blanks (TWB)made of these advanced
sheets. Applying TWB for stamping processes offers signiﬁcant
weight reduction required for future automobiles. However, it still
has several difﬁculties to fabricate TWB especially for aluminum al-
loy sheetsbecauseof their lower formability and less familiarwelda-
bility requirements (Pickering et al., 1995; Stasik and Wagoner,
1996). As a newly emergingwelding technology for TWB, therefore,
friction stir welding (FSW) was developed primarily for aluminum
alloys in 1991 by The Welding Institute (TWI), in Cambridge, UK
(Thomas et al., 1991). The FSWhas various advantages over conven-ll rights reserved.
+82 2 885 1748.tional fusion welding techniques such as its low capital investment,
extremely lowenergy use and its capability toweld very thick plates
with little or no porosity. In FSW, the work pieces are butted to-
gether, ﬁrmly clamped and then joining is achieved by heat and
material ﬂow generated by the FSW tool, which rotates as it moves
along the butt line (London et al., 2003), as schematically shown
elsewhere (Chung et al., 2010).
Many studies have been performed for TWB (tailor-welded
blanks) based on the conventional welding technology but study
on friction stir welded TWB is mainly limited to process itself
including friction stir welding simulations (Frigaard et al., 2001;
Schmidt et al., 2004; Buffa et al., 2006) and the resulting micro-
structural quality of weld zones, while study on the macroscopic
performance of TWB is rare. Therefore, the macroscopic formability
performance of automotive friction stir welded TWB sheets was
experimentally and numerically investigated in this work, in
particular considering four automotive sheets, aluminum alloy
6111-T4, 5083-H18, 5083-O and DP590 steel sheets, each having
one or two different thicknesses.
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Fig. 1. Schematic view of three types of (a) weld models and (b) specimens.
1064 D. Kim et al. / International Journal of Solids and Structures 47 (2010) 1063–1081The main objective of this macroscopic study here is to exper-
imentally evaluate the formability performance of four automo-
tive friction stir welded TWB sheets in three applications: the
simple tension test with various weld line directions, the hemi-
sphere dome stretching and cylindrical cup drawing tests. As
for the numerical aspect, numerical simulations were applied
here mainly to better understand the formability performance
experimentally observed. However, since a reasonable degree of
accuracy in numerical applications, balanced with practicality,
is a pre-requisite of any numerical study, the validation of
numerical simulations was also partially attended with care.
Note that, while formability study was performed in this work,
micro-structural study was conducted by Park et al. (2007),
Gan et al. (2008) and Chen et al. (submitted for publication)
and materials were characterized in a separate joint paper
(Chung et al., 2010). The constitutive laws calibrated in the sep-
arate paper (Chung et al., 2010) were utilized here for numerical
applications.
To represent the mechanical properties, the isotropic hardening
law was utilized along with the non-quadratic orthogonal aniso-
tropic yield function, Yld2000-2d (Barlat et al., 2003), while the
anisotropy of the weld zone was ignored for simplicity. Also, as for
the numerical formulation regarding the assumeddeformation path
during a small discrete step, which is inevitable in the numerical
method, the incremental deformation theory (ChungandRichmond,
1993) was applied to elasto-plasticity based on the materially
embedded coordinate system. Under this theory, deformation along
the minimum plastic work path (or proportional true strain path) is
assumed such that strain increments during a small calculation step
are discrete true strain increments. Also, materials rotate by the
incremental angle obtained from the polar decomposition at each
discrete step (Yoon et al., 2004). As for the stress update, the consis-
tency scheme developed by Chung (1984), Simo and Hughes (1997)
and Chung et al. (2005) was applied, in which the updated stress in
the stress ﬁeld consistently complies with that on the hardening
curve. Based on the numerical formulationmentioned, the constitu-
tive law for the isotropic hardening behavior with the Yld2000-2d
yield function was implemented into the ABAQUS/Standard com-
mercial code (Hibbitt et al., 2002) using the user-deﬁned materials
subroutine UMAT.
For formability study, three tests with gradual complexity
were performed: the simple tension test (Stasik and Wagoner,
1996; Abdullah et al., 2001) with various weld line directions
for simple tension stretching, the hemisphere dome stretching
test (or the FLD test) (Chan et al., 2003) for biaxial stretching
and the cylindrical cup deep drawing test over a cylindrical
punch for draw forming (Ahmetoglu et al., 1995). For numerical
study, practicality associated with computational cost is as
important as accuracy; therefore, simpliﬁcation in material prop-
erties and process procedure is inevitable for numerical simula-
tions in general. So far, many previous works on FEM
simulations for friction stir welded TWB sheets have been con-
ducted using the isotropic von Mises yield function and weld
zone properties or weld zone geometry was quite often ignored.
In this work, anisotropy in yield stress was considered and weld
zone properties as well as weld zone geometry were included in
the numerical analysis. Also, forming limit diagrams which have
been ignored in most of previous works were considered for both
the base and the weld. As for the weld zone geometry, three sim-
ulation methods were selectively utilized for performance com-
parison as shown in Fig. 1(a); (1) model-A: the perfect welding
condition (therefore, the weld zone property is ignored), (2) mod-
el-B: the measured average mechanical property of the weld zone
with uniform average weld zone thickness (Zhao et al., 2001),
and (3) model-C: the average weld zone property with varying
weld zone thickness.2. Material properties
Four automotive sheets were friction-stir welded along the
rolling direction at Hitachi, Japan. In this work, the same materi-
als with the same thickness (similar gauges, SG) and different
thickness (dissimilar gauges, DG) were welded together, not con-
sidering the joining of dissimilar materials. Note that the thinner
part of all (DG) materials was in the retreating side. Material
properties and hardening curves measured from simple tension
tests were shown in the previous joint paper (Chung et al.,
2010). As for the weld zone properties in simple tension, com-
pared to those of base materials, the 6111-T4 weld zone had low-
er ﬂow stress with reduced ductility, while the 5083-H18 weld
zone showed improved ductility with signiﬁcantly lower ﬂow
stress. The weld zone of 5083-O had slightly higher strength
and ductility than its base material. The DP590 weld zone had
larger ﬂow stress with reduced ductility as shown in Fig. 2. As
for the hardening data, the ﬁtting curve identiﬁed in Table 1
was applied for the (full) isotropic hardening description for
FEM simulations.
Forming limit diagrams (FLDs) were measured for the base
materials and calculated for the weld zones in the joint paper using
both Hollomon (Ludwick) and Voce type hardening ﬁtting. Since
the calculated FLDs of weld zones based on the Hollomon type
hardening are signiﬁcantly larger than those based on the Voce
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Fig. 2. Comparison of the hardening curves of the base materials and the weld zones: (a) 6111-T4; (b) 5083-H18; (c) 5083-O; and (d) DP590.
Table 1
Isotropic hardening description.
Materials Vocea
A (MPa) B (MPa) C
6111-T4 Base 1.5t 165.9 212.8 9.373
2.6t 172.8 206.3 9.900
Weld SG 167.59 144.30 12.58
DG 151.25 103.03 21.21
5083-H18 Base 1.2t 397.6 120.0 14.120
1.6t 388.6 123.0 15.133
Weld SG and DG 172.57 251.43 10.8
5083-O Base 1.6t 144.0 227.8 12.093
Weld SG 178.76 227.49 13.29
Materials Hollomonb
K (MPa) n
DP590 Base 1.5t 1072.1 0.171
2.0t 1043.6 0.173
Weld SG 1136.71 0.104
DG 1064.33 0.115
a Voce type: r ¼ Aþ Bð1 expðCeÞÞ.
b Hollomon type: r ¼ Ken .
D. Kim et al. / International Journal of Solids and Structures 47 (2010) 1063–1081 1065type hardening in general, only one type was used to determine
failure locations and patterns (on test specimens) as standard FLDs,
which are the Voce type FLD for 6111-T4, 5083-H18 and the
Hollomon type FLD for 5083-O, DP590. The standard FLDs wereidentiﬁed as bold legends in Fig. 3. These standard FLDs were
determined considering consistency of relative formability near
simple tension between the base and the weld, shown in Figs. 2
and 3.
6111-T4
Minor strain
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
M
ajo
r 
st
ra
in
0.0
0.1
0.2
0.3
0.4
0.5
Safe
Neck or crack
Base 2.6t
Safe
Neck or crack(a)
Weld SG (Hollomon)
Weld DG (Hollomon)
Weld SG (Voce)
Weld DG (Voce)
Base 1.5t (Exp.)
Base 2.6t (Exp.)
Base 1.5t
5083-H18
Minor strain
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
M
ajo
r 
st
ra
in
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Safe
Neck or crack
Base 1.6t
Safe
Neck or crack(b)
Weld SG&DG (Hollomon)
Weld SG&DG (Voce)
Base 1.2t (Hollomon)
Base 1.6t (Hollomon)
Base 1.2t
5083-O
Minor strain
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
M
ajo
r 
st
ra
in
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Safe
Neck or crack
(c)
Weld SG (Hollomon)
Weld SG (Voce)
Base 1.6t (Exp.)
Base 1.6t
DP590
Minor strain
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
M
ajo
r 
st
ra
in
0.0
0.1
0.2
0.3
0.4
0.5
0.6
Safe
Neck or crack
Base 2.0t
Safe
Neck or crack(d)
Weld SG (Hollomon)
Weld DG (Hollomon)
Weld SG (Voce)
Weld DG (Voce)
Base 1.5t (Exp.)
Base 2.0t (Exp.)
Base 1.5t
M
ajo
r 
st
ra
in
M
ajo
r 
st
ra
in
M
ajo
r 
st
ra
in
M
ajo
r 
st
ra
in
Fig. 3. Forming limit diagrams: (a) 6111-T4; (b) 5083-H18; (c) 5083-O; and (d)DP590.
1066 D. Kim et al. / International Journal of Solids and Structures 47 (2010) 1063–1081Based on the material properties including the forming limit
diagrams, the formability of FSW sheets were numerically investi-
gated for three cases including the uni-axial simple tension, hemi-
spherical dome stretching and cylindrical cup drawing tests. Since
stretching is dominant and reverse loading behavior is insigniﬁcant
in these three tests, the pure isotropic hardening law was utilized
without considering kinematic hardening. Simulation results were
compared with experimental results for veriﬁcation purposes.
Based on FLDs, failure onset and pattern on test specimens were
also evaluated for comparison.
3. Uni-axial simple tension tests
Formability studies were performed for all welded samples. For
the directional effect of the weld line with respect to the loading
direction, three types of specimens were prepared as illustrated
in Fig. 1(b): Type-I, Type-II, and Type-III.
3.1. Experiments and FE simulations
Using specimens fabricated based on the KS (Korea standard)
0801 No. 5, the uni-axial tension tests were performed as discussed
elsewhere (Chunget al., 2010; Lee et al., 2005). Load and engineering
strain proﬁleswere obtained up to failure and engineering strains at
themaximum load and failureweremeasured. For numerical simu-lations, the reduced four node shell elements S4R with ﬁve integra-
tion points through thicknesswere used for specimenswith parallel
(Type I) and vertical (Type II) weld lines. For the 45 skewed speci-
men (Type III), triangular elements S3R with ﬁve integration points
through thickness were used within the gauge length and S4R was
utilized for the rest. The element size of the specimen was approxi-
mately 2.0 mm  2.0 mm with a ﬁner mesh size of about
1.0 mm  1.0 mm in the weld zone. The experimental failures were
comparedwith the simulated failure onset locations obtained using
model-C in Figs. 4–7, since preliminary analysis conﬁrmed that
model-C performed the best (see details later). Note that the stan-
dardmesh size (1.0–2.0 mm) here (as well as in the other stretching
and drawing tests) was determined through several trials, consider-
ing the balance between accuracy and practicality in predicting
loading curves (shown in Figs. 9–12) and failure onset locations
(shown in Figs. 4–7).When larger elementswere introduced, failure
onset locations and loading curve behaviors were not successfully
captured, while ﬁner meshes did not improve predictions signiﬁ-
cantly better than the standard size.3.2. Failure onset and patterns
Note that the numerical analysis of loading curves and failure
onset locations is useful enough for formability analysis in general.
However, failure patterns in simple tension were also simulated in
Fig. 4. Experimental and simulated (model-C) failure onset and patterns for 6111-T4 TWB sheets.
Fig. 5. Experimental and simulated (model-C) failure onset and patterns for 5083-H18 TWB sheets.
D. Kim et al. / International Journal of Solids and Structures 47 (2010) 1063–1081 1067this work mainly to evaluate the prediction capability of the
numerical method. A common practice of simulating failure pat-
terns is to use (dynamic) explicit codes along with sophisticated
damage models and very ﬁne meshes. Here, the implicit code
was successfully applied to predict failure patterns using very ﬁnemeshes (0.4 mm  0.4 mm) along with FLD harnessed with a stress
softening scheme. There was no convergence problem with these
very meshes and the very meshes were necessary to capture large
strain gradient developing across the failure line. The standard
mesh size (1.0–2.0 mm) was too large to predict patterns and
Fig. 6. Experimental and simulated (model-C) failure onset and patterns for 5083-O
TWB sheets.
1068 D. Kim et al. / International Journal of Solids and Structures 47 (2010) 1063–1081FLD without the stress softening scheme did not work either. In the
stress softening scheme, stress was assumed to vanish (as done in
Bao (2003)) once elements reach FLD curves such that material
softening accounted for the loss of stiffness when material
elements fail at FLD. With the stress softening scheme, the propa-
gation of material failure (therefore, failure pattern) was success-
fully captured. Note that material failure (or macro-crack)Fig. 7. Experimental and simulated (model-C) failupropagates across the specimen width in a short distance in the
simple tension test so that any kind of stress softening scheme
worked including the simple one used here. If macro-crack propa-
gates in a long distance as happens in the crashworthiness test of
an automobile, more accurate and sophisticated stress softening
scheme (proposed by Hillerborg et al. (1976)) would be needed
for accurate numerical simulations.
Experimental failure patterns are compared with simulated re-
sults of model-C in Figs. 4–7. Note that RS and AS mean the retreat-
ing and advancing sides, respectively, in Figs. 4–7, and elements
failed are marked in dark shade. The prediction results using the
very ﬁne mesh with stress softening scheme showed failure pat-
terns reasonably well.
For 6111-T4 (SG) samples, the failure pattern of the Type-I
specimen was inclined with respect to the loading direction.
According the simulation, failure initiated in the weld zone. Note
that the inclined failure pattern was predicted in simulation just
using very ﬁne meshes (without any additional treatment besides
the stress softening scheme) and cruder meshes did not show the
inclination. The failure of the Type-II specimen occurred in the
weld zone parallel to the weld line in both experimental and sim-
ulated results. However, the experimental failure was biased to-
wards the retreating side even though the weld zone is the
thinnest in the middle, while the simulated failure occurred in
the middle of the weld zone. The experimental result suggests
that the advancing side may be stronger than the retreating side
in the weld zone, which was indirectly conﬁrmed in the hardness
distribution measured across the weld zone as shown in Fig. 8(a)
(Gan et al., 2008) and also by Agarwal et al. (2007). Since a uni-
form property along the weld zone was assumed in this work, the
simulation could not predict the biased failure location, suggest-
ing that more reﬁned property distribution as done by Chung et al.
(2009) is needed for more accurate prediction of the failure loca-
tion inside the weld zone. For the Type-III specimen, the experi-
mental failure seemingly initiated in the weld zone on the
retreating side and then propagated along the advancing side of
the weld zone. Simulation shows a similar failure pattern in the
weld zone.re onset and patterns for DP590 TWB sheets.
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Fig. 8. Vickers hardness proﬁles across the weld zone of (a) 6111-T4 (SG) and (b) DP590 (SG).
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TWB samples including those in the uni-axial tension tests. Note
that failure locations in the Type-I TWB samples are closely associ-
ated with ductility by the iso-strain condition. Because both the
base and weld zones deform almost the same amount during the
uni-axial tension test, the zone with less ductility fails in the
Type-I samples. For the Type-II samples, failure is more related
to strength (ﬂow stress multiplied by thickness) during strain
hardening than ductility by the force equilibrium condition.
Because the same tensile force is loaded on both the base and weld
zones, failure occurs by strain location at the zone having less
strength. Failure of the Type-III samples is affected by both ductil-
ity and strength because of the skewed geometry of the weld zone.
However, regardless of failure onset sites, failure propagates into
the zone having less strength as deformation proceeds.
As for 6111-T4 (DG), the Type-I specimen failed with a skewed
angle in the thinner base material and in the weld zone, but per-
pendicularly to the weld line in the thicker base material in exper-
iments. Simulated results showed that failure initiated in the weld
zone. The experimental failure of both Type-II and Type-III speci-
mens occurred in the weld zone on the thinner side along the weld
line. Simulated results also showed that failure initiated in the
weld zone on the thinner side.
For 5083-H18 (SG), the failure of Type-I specimen occurred in
the base material near the end of the neck of the dog-bone shaped
specimen and perpendicular to the loading direction in both exper-
imental and simulated results. Also, simulation with very ﬁne
meshes well predicted the failure onset location and pattern of
the experimental result. Because the base material is so brittle, fail-
ure occurred in the base material. Even though the base material is
so brittle, failure of the Type-II and Type-III samples occurred in
the middle of the weld zone both experimentally and numerically
because the weaker strength in the weld zone promoted strain
localization in the middle of the weld zone. For 5083-H18 (DG),Table 2
Failure initiation zones.
Test Uni-axial tension tests
Type-I Type-II Type-III
6111-T4 SG Weld Weld Weld
DG Weld Weld Weld
5083-H18 SG Base Weld Weld
DG Base Weld Base
5083-O SG Base Weld Weld
DP590 SG Weld HAZ HAZ
DG Weld HAZ HAZthe failure pattern of Type-I was comparable to 5083-H18 (SG)
with failure at the neck of the base material zone. The failure of
the Type-II specimen occurred in the weld zone on the retreating
(thinner) side in both experimental and simulated results. In the
case of the Type-III specimen, the experimental failure was initi-
ated in the base material region on the retreating side because
its thickness is small, unlike 5083-H18 (SG). Simulation also
showed that failure was initiated in the base zone and then prop-
agated into the weld zone.
As for 5083-O (SG), the experimental failure line was inclined
for the Type-I specimen, which is typically the case when failure
is resulted from strain localization. The simulated failure for the
Type-I specimen was initiated in the base region because of its less
ductility. Failure of the Type-II and Type-III specimens occurred in
the middle of the weld zone experimentally and numerically be-
cause of the less strength of the weld zone (the stress of the weld
zone is slightly larger than that of the base zone but not large en-
ough to compensate the loss in thickness).
For DP590 (SG) materials, the failure direction of the Type-I
specimen was inclined with respect to the loading direction.
According to simulations, failure was initiated in the weld zone
due to its less ductility. As for the Type-II specimen, experimental
failure occurred at the boundary heat affected zone (HAZ) parallel
to the weld line while the simulated failure occurred in the base
material zone. As the hardness distribution measured across the
weld zone shown in Fig. 6(b) suggests, HAZ is weaker than the rest,
promoting the strain localization in this region (Park et al., 2007;
Chung et al., 2009). Note that the stress in the weld zone is large
enough to compensate the loss in thickness so that its strength is
larger than the rest. Since the property of HAZ was assumed as that
of the base material zone in this work, the simulation could not
predict the experimental failure location, suggesting that more re-
ﬁned property distribution near HAZ (as done by Chung et al.
(2009)) is needed for more accurate prediction. For the Type-IIIHDS tests CCD tests
200 mm  200 mm 200 mm  120 mm
Weld Weld Weld
Weld Weld –
– Base Base
– Base –
Base Base Base
HAZ Weld Weld
– – –
1070 D. Kim et al. / International Journal of Solids and Structures 47 (2010) 1063–1081specimen, it appears that the experimental failure initiated at the
HAZ and then propagated into the base zone while the simulated
failure initiated in the base material zone. Results for DP590 (DG)
were similar to those of DP590 (SG). The failure direction of the
Type-I specimen was also inclined with respect to the loading
direction. For the Type-II specimen, experimental failure occurred
at the HAZ in the thinner base part parallel to the weld line while
the simulated failure occurred in the thinner base material zone.
The Type-III specimens showed that the failure initiated at the
HAZ in the thinner base zone and then propagated into the base
zone.
In conclusion, failure onset locations were determined by differ-
ence in ﬂow stress, thickness and ductility at the base and the
weld; and the results shown in Figs. 2–5 were consistent with ﬂowSG
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3.3. Determination of simulation method for weld zone
In order to ﬁnd an effective way to handle weld zone properties,
simulations with models-A, B and C were performed for all Type-I
and Type-II samples and results were selectively shown in Figs. 9
and 10 for 6111-T4 and 5083-H18 TWB samples. For the Type-I
specimens, simulated load proﬁles with model-B and model-C
were similar to each other and corresponded well with the mea-DG
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Fig. 10. Load vs. engineering strain proﬁles of uni-axial tension tests for 5083-H18 TWB sheets.
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cause the model-A did not account for the lowers ﬂow stress of the
weld zone for the 6111-T4 and 5083-H18 TWB sheets. Both model-
B and model-C simulations were good for the Type-I samples, in
which ductility is more important to predict failure than strength.
However, only model-C prediction was good enough for the Type-II
samples, in which strength (therefore, thickness also) determines
strain localization and failure strain. Considering the result of this
preliminary analysis, model-C was mainly utilized for further
simulations.3.4. Load proﬁles and failure strains
Simulated load vs. engineering strain proﬁles were compared
with the measured results in Figs. 9–12. Here, measured and sim-ulated engineering strains were obtained as the average value
within the gauge length. For all samples, both engineering strains
at maximum load ðeuÞ and at failure ðef Þ were summarized in Ta-
bles 3 and 4, respectively. In simulations, engineering strains at
failure were calculated considering FLD and without considering
FLD. For the former (w/FLD), failure strains were obtained by com-
paring principal strains of each element with FLD and marked on
the load proﬁles. Note that two FLDs based on the Voce and Holl-
omon type hardening laws were considered for the 5083-H18 base
zone as well as for all weld zones, while measured FLDs were uti-
lized for the base zones of 6111-T4, 5083-O and DP590. As for the
latter (without FLD), the following criterion proposed by Chung
and Wagoner (1987) was utilized:
 dF
F
 
deeng
1þ eeng
 
¼ 5: ð1Þ
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Fig. 11. Load vs. engineering strain proﬁles of uni-axial tension tests for 5083-O
TWB sheets.
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tively, since this criterion was also used to obtain engineering
strains at failure in experiments.
Simulated load proﬁles corresponded well with experiments for
all sample materials and therefore so did eu (at the maximum load)
in general within experimental errors. These good agreements may
imply that the characterization of anisotropy and hardening prop-
erties was successfully carried out for the prediction performance
of load proﬁles and eu. As for the simulated engineering failure
strains ef , when failure initiated at the base zone, prediction ef val-
ues agreed reasonably well with experiment except 5083-H18, be-
cause they were determined by the measured FLD. If failure
initiated at the weld zone, prediction was not as good since failureinitiation was determined by calculated FLDs, conﬁrming that cal-
culated FLDs are not as reliable as measured FLDs.
The failure prediction based on Eq. (1) was usually good espe-
cially when failure followed strong strain localization after the
maximum load as happened for most cases studied in this work.
However, failure prediction based on Eq. (1) was completely wrong
for 5083-H18 shown in Fig. 10, in which failure occurred in a brittle
manner in the uniform deformation range (before the maximum
load). Also, Eq. (1) could not capture the failure strain well when
strain localization is not so strong after the maximum load as
shown in Fig. 9 for the Type-III 6111-T4 (DG) sample Note that
the results imply that, when failure follows strong localization,
numerical simulation of strain localization (without FLD) can pre-
dict failure; however, FLD is required when failure does not involve
strong strain localization.
As for the brittleness of 5083-H18, it failed without strain local-
ization as conﬁrmed by Menzemer and Srivatsan (1999) and Chang
et al. (2005) for similar materials. The macroscopic failure mode of
aluminum alloy 5083 treated by strain hardened temper is brittle
even though the microscopic features reveal locally ductile mech-
anisms like voids and shallow dimple. 5083-H18 also exhibited rel-
atively brittle fracture. Because the formability of 5083-H18 may
be controlled by damage more than by plastic localization, the
forming limit simulated on basis of plastic localization with ignor-
ing the effect of material damage did not predicted well the
measurement.4. Hemispherical dome stretching tests
4.1. Experiments and FE simulations
In order to investigate the formability of FSW sheets in biaxial
stretching deformation, hemispherical dome stretching (HDS or
FLD) tests were performed with six welded samples: 6111-T4
(SG, DG), 5083-H18 (SG, DG), AA5083-O (SG) and DP-steel (SG).
The hemispherical dome stretching (HDS) test was carried out on
a 50 ton double action hydraulic type press. The punch speed
was 1.5 mm/s and blank holding force was applied just enough
to completely clamp the blank, which was about 200 kN. Note that
the lubricant WD-40 was applied on the punch only.
Even though the hemispherical dome stretching test can intro-
duce various biaxial strain modes, only two typical strain modes
were considered here. These were near balanced biaxial and plane
strain modes for which two different initial rectangular blank
sheets having 200 mm  200 mm and 200 mm  120 mm dimen-
sions were utilized as shown in Fig. 13. Longitudinal weld lines
were aligned parallel to longer sides of specimens. For all samples,
only Type-I TWB sheets were considered here. For 5083-H18 (SG)
and (DG), because of the initial clamping fracture at the draw-bead
position due to their brittle nature, only the 200 mm  120 mm
blank was successfully performed, using a ﬂat grooved bead in-
stead of the general circular shaped draw-bead. Punch load proﬁles
during forming were collected and the limit dome heights (LDH) at
the failure were measured. Failure onset locations were also
observed.
For simulation, analytical rigid surface was utilized for the
tools: the punch, the die and the holder. For 6111-T4, 5083-O,
and DP590 TWB sheets, simulations were performed with the ex-
act draw-bead shape, while, for 5083-H18 without a draw-bead.
The reduced four node shell element S4R with ﬁve integration
points through thickness was employed for the blank. The element
size of the blank was approximately 2.0 mm  2.0 mm in the base
material zone and about 1.0 mm  1.0 mm in the weld zone, as
done in the uni-axial simple tension test. Only half blanks were
simulated considering the symmetric boundary condition. For the
DGSG
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Fig. 12. Load vs. engineering strain proﬁles of uni-axial tension tests for DP590 TWB sheets.
Table 3
Measured engineering strains (%) in uni-axial tension tests.
Materials Type-I Type-II Type-III
eu ef eu ef eu ef
6111-T4 SG 21.3(± 1.33) 26.2(± 1.12) 8.1(± 0.61) 8.8(± 0.57) 9.0(± 1.12) 9.7(± 1.27)
DG 19.0(± 0.88) 24.4(± 0.90) 3.4(± 0.74) 4.0(± 1.02) 4.8(± 0.91) 5.6(± 1.24)
5083-H18 SG 8.6(± 1.32) 10.6(± 1.84) 3.2(± 0.57) 3.5(± 0.44) 5.6(± 0.63) 6.7(± 0.77)
DG 7.7(± 1.03) 8.3(± 1.27) 92.6(± 0.79) 2.8(± 0.84) 4.4(± 1.20) 4.9(± 1.32)
5083-O SG 18.8(± 0.26) 22.4(± 1.35) 15.8(± 1.24) 17.1(± 0.81) 17.5(± 0.06) 20.6(± 1.10)
DP590 SG 9.3(± 1.05) 11.3(± 1.54) 12.2(± 1.65) 13.5(± 1.62) 8.1(± 0.94) 8.9(± 1.34)
DG 10.6(± 1.64) 13.8(± 2.94) 6.7(± 0.96) 13.4(± 2.43) 4.8(± 1.25) 5.2(± 1.74)
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Fig. 13. Schematic view of specimens for hemispherical dome stretching tests (in
mm): (a) 200 mm  200 mm; (b) 200 mm  120 mm.
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while only model-C was considered for the rest. As for the friction
coefﬁcients, the coefﬁcient was 0.08 between the punch and the
blank in all cases for the lubricated condition. Between the die/
holder and the blank, the coefﬁcient was 0.16 for the non-lubri-
cated condition, except for 5083-H18, for which the coefﬁcient
was 0.2, in order to describe the ﬂat grooved bead without
draw-bead.
To determine failure initiation (based on the FLD), strains in
the mid-plane of shell elements were applied since they provided
better results. When outer-plane strains were considered, failure
initiated at the draw-bead, contrary to the experimental observa-
tion. This might be related to the observation made by Chien et al.
(2004) that the failure strain in the bending mode can be as much
as 50% larger than that of the in-plane mode for 6111-T4 alumi-
num alloy sheets.
4.2. Failure onset locations and patterns
Simulated failure onset locations and patterns were compared
with experiments in Figs. 14–17. Note that the Voce type FLDs for
6111-T4 and 5083-H18 weld zones were considered for failure
onsets and patterns while the Hollomon type FLDs for 5083-O
and DP590 were utilized. The experimental failure of the
200 mm  200 mm specimen for 6111-T4 (SG) occurred in the
weld zone parallel to the weld line, but biased to the retreating
side even though the weld zone is thinnest in its middle, thus
implying that the advancing side of the weld zone might be stron-
ger than the retreating side as discussed in Section 3.2 along with
Fig. 8(a). However, simulated failure occurred at the middle of the
weld zone. Similarly, the simulated failure of 6111-T4 (SG)
200 mm  120 mm specimen initiated at the weld zone, while
the tested specimen failed along the rim as shown in Fig. 14.
The failure initiated in the weld zone for the 6111-T4 TWB is
due to the less formability of the weld zone near the plane strain
mode. Both 200 mm  200 mm and 200 mm  120 mm speci-
mens of 6111-T4 (DG) failed at the retreating side of the weld
zone, parallel to the weld line in both experimental and simulated
results.
The 200 mm  120 mm specimen of 5083-H18 (SG) failed
near a point along the rim of where the punch last contacts the
sheet, and perpendicular to the weld line in experiments as
shown in Fig. 15. According to simulations, failure initiated at
the base material in 5083-H18 (SG) specimen, because the weld
zone of 5083-H18 material has better ductility than its base
material. As for the 200 mm  120 mm specimen of 5083-H18
(DG), failure was initiated in the thinner base material and per-
pendicular to the weld line in both experimental and simulated
results.
Fig. 14. Experimental and simulated (model-C) failure onset for 6111-T4 TWB sheets in HDS test.
Fig. 15. Experimental and simulated (model-C) failure onset for 5083-H18 TWB sheets in HDS test.
Fig. 16. Experimental and simulated (model-C) failure onset for 5083-O TWB sheets i4n HDS test.
Fig. 17. Experimental and simulated (model-C) failure onset for DP590 TWB sheets in HDS test.
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samples were compared in Fig. 16. For the 200 mm  200 mm
specimen, the experimental failure occurred near the rim area
where the punch last contacted the blank. The simulation results
showed the similar failure location, which started at the base re-
gion, because the base material has less ductility so that failure
limit of the weld zone is higher than that of the base material near
the balanced biaxial stretch mode. The experimental and simulated
failure for the 200 mm  120 mm specimen also occurred along
the rim, while the simulated failure was initiated at the base zone
since the base zone is less ductile near the plane strain condition.
As for DP590, the experimental failure line of the 200 mm 
200 mm sample was observed parallel to the weld line near theboundary between the base region and weld zone as shown in
Fig. 17, while the simulation shows a different failure pattern even
though its failure onset occurred at the weld zone related to its low
ductility. This discrepancy might be associated with the weak
strength near the weld line boundary (or the heat affected zone)
as shown in Fig. 8(b), which was ignored in the average weld zone
property used in the simulation. For the 200 mm  120 mm sam-
ple, both the experimental and simulated results showed failure
started at the weld zone vertically to the weld line as illustrated
in Fig. 17. Since the weld zone of DP590 is less ductile than the base
sheet, the failure onset occurred at the weld zone here.
Based on the results shown in Figs. 14–17 and Table 2, there
were three types of failure initiation patterns as shown in Fig. 18,
Fig. 18. Typical failure patterns for TWB samples in hemispherical dome stretching tests.
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in which the major principal loading direction is along the length
direction, the relative formability near the plane strain mode
determined the pattern between Fig. 18(a) and (c): the type of
Fig. 18(a) with the more ductile base area (6111-T4 and DP590)
and the type of Fig. 18(c) with the less ductile base area (5083-
H18 and 5083-O). As for the 200 mm  200 mm samples, which
were under the (more or less) balanced biaxial stretch mode, the
mixed effect of strength (deﬁned as the multiplication of the stress
and the cross-sectional thickness here) and ductility determined
the failure initiation patterns: for 6111-T4, DP590 (experiment),
the type in Fig. 18(b) was observed due to the strain localization
(related to the lower strength in the weld zone), while types in
Fig. 18(a) and (c) were observed for DP590 (simulation) and
5083-O, respectively, associated with ductility, since their strength
at the weld zone and the base area was similar (the effect of theType 200mm× mm002
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4.3. Punch load proﬁles and limit dome heights
Simulated punch load proﬁles were selectively compared with
experiments in Figs. 19–22. The measured and the simulated
LDH for all samples are summarized in Tables 5 and 6. Note that
the simulated LDH without FLD was determined based on the fol-
lowing criterion:
dF
ds
¼ 0; ð2Þ
where F and s represent a punch load and a punch stroke, respec-
tively. If Eq. (2) is not applicable, the point of inﬂection was
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Fig. 20. Punch load vs. stroke proﬁle for 5083-H18 TWB sheets in HDS tests.
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Fig. 22. Punch load vs. stroke proﬁle for DP590 TWB sheets in HDS tests.
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results for all samples. Similarly with the uni-axial tension test re-
sults, model-C gave more accurate results than model-B as shown
in Fig. 19 for 6111-T4 (SG) test. As for the LDH values, failures were
predicted at the base zone for 5083-H18 (200 mm  120 mmsample) and 5083-O (200 mm  200 mm and 200 mm  120 mm
samples). For these three cases, predictions agreed reasonably well
with experiments because the failure was captured based on the
measured FLD. However, when predicted failure occurred at the
weld zones, prediction results were not always as good.
Table 5
Measured limit dome height (mm) in hemispherical dome stretching tests.
Materials Sample size (mm)
200  200 200  120
6111-T4 SG 17.9(± 1.6) 25.1(± 1.1)
DG 12.7(± 2.3) 16.9(± 1.6)
5083-H18 SG – 17.0 (± 1.6)
DG – 16.9 (± 1.4)
5083-O SG 27.6 (± 0.8) 24.0 (± 0.6)
DP590 SG 11.9 (± 1.0) 17.4 (± 0.4)
Fig. 23. Schematic view of specimens for cylindrical cup drawing tests (in mm).
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was observed because the failed weld line boundary (heat affected
zone) was so brittle, which was ignored in this work. The LDH val-
ues based on Eq. (2) also predicted well in general. However, they
also signiﬁcantly over-predicted selectively, particularly for DP590
samples related to the brittleness of their failed zones.
5. Cylindrical cup drawing tests
5.1. Experiments and FE simulations
The cylindrical cup drawing (CCD) test was carried out on the
50-ton double action hydraulic type press. The punch speed was
set at 1.5 mm/s and the speciﬁc tool dimensions are: punch diam-
eter = 50.0 mm; punch corner proﬁle radius = 6.0 mm; die opening
diameter = 53.68 mm; die corner proﬁle radius = 8.0 mm. Note that
the CCD test for the DP-steel (SG) sample was performed using an-
other die with opening diameter = 55.0 mm and corner ra-
dius = 12.0 mm to avoid jamming due to its thickness. The initial
diameter of the circular blank sheet was 95.0mm for all test sam-
ples. Note that no lubricant was used in these CCD experiments.
CCD tests were carried out only for samples with similar gauges
because the test machine cannot grip specimens with different
gauges. Similarly to HDS tests, only Type-I was considered for all
(SG) samples as shown in Fig. 23. After several blank holder forces
were tried out, the following blank forces were determined such
that failure occurs during the test: 90 kN for 6111-T4 (SG), 30 kN
for 5083-H18 (SG), 60 kN and 200 kN for 5083-O and DP590 (SG)
samples, respectively.
In simulation, the analytical rigid surface was utilized for tools:
punch, die and holder. The reduced four node shell element S4R
with ﬁve integration points was employed for the blank. The ele-
ment size of the blank is approximately 2.0 mm  2.0 mm with a
ﬁner mesh size of about 1.0 mm  1.0 mm in the weld zone. Only
half of the blank was considered with the symmetric boundary
condition because of specimen symmetry. In order to consider
the geometry of the weld zone, model-B and model-C were utilized
for 6111-T4 (SG), while only model-C was considered for the rest.
After several tests, friction coefﬁcients between the tools and blank
were determined to be 0.15.Table 6
Simulated limit dome height (mm) in hemispherical dome stretching tests using model-B
Materials Sample size (mm)
200  200
With FLD Wi
Voce Hollomon
6111-T4 SG 17.6 [20.7] 17.6 [20.8] 17
DG 10.5 10.8 11
5083-H18 SG – – –
DG – – –
5083-O SG 26.9 26.9 28
DP590 SG 15.5 20.7 265.2. Failure onset and patterns
Simulated failure patterns are compared with experimental re-
sults in Fig. 24. Note that as discussed in Section 4.1, mid-plane
strains were compared with FLD to determine failure. When FLD
was considered in the outer plane, the punch stroke at the onset
of failure was too low as shown in Fig. 25(a) for 611-T4 (SG). When
the mid plane strain was considered for the FLD, more reasonable
results were observed. In experiments with 6111-T4 (SG), the fail-
ure of specimens occurred perpendicularly to the weld zone at the
bottom of the cup wall for approximately 70% of trials while 30%
failed at the retreating side of the weld zone, parallel to the weld
line. In simulations, the failure of the Type-I occurred in the weld
zone at the bottom of the cup wall for both model-B and model-
C. As for 5083-H18 (SG), failure occurred at a low punch stroke
and was observed at the base region at the bottom of the cup wall
in both experimentation and simulation. The experimental failure
for 5083-O (SG) sample occurred vertically to the weld line at
the bottom of the cup wall. Similarly, the simulated failure was ini-
tiated at the weld zone of the cup wall bottom and propagated to
the base along the bottom rim rapidly. As for DP590 (SG) sample,
the experimental and simulated failure lines were generated per-
pendicular to the weld line at the weld zone of the cup wall bot-
tom. Note that these CCD test results for failure initiation zone
were similar with the results of the uni-axial tensile test for
Type-I TWB specimens (see Table 2).5.3. Punch load proﬁles and failure punch strokes
Measured and simulated failure punch strokes were summa-
rized in Tables 7 and 8, and punch load proﬁles were also com-
pared in Fig. 25. Here simulated failure punch strokes were
obtained by comparing punch strokes with FLD and without
FLD as done in the uni-axial tension and hemispherical dome
stretching test. Similarly to previous test results, the simulations
reasonably well predicted the punch load proﬁles and the failure
punch stroke values, particularly when predicted failure occurred
at the base zones based on the measured FLD. When predicted
failure occurred at the weld zones (based on calculated FLD),and model-C (Model-B results are in [ ]).
200  120
thout FLD With FLD Without FLD
Voce Hollomon
.5 [20.8] 22.9 [22.9] 24.5 [24.4] 25.6 [25.6]
.3 15.5 15.9 16.1
15.1 15.1 17.9
14.4 14.4 17.7
.5 21.2 24.6 24.2
.3 12.3 15.8 26.2
Fig. 24. Experimental and simulated (model-C) failure onsets in CCD tests: (a) 6111-T4 (SG); (b) 5083-H18 (SG); (c) 5083-O (SG); and (d) DP590 (SG).
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failure punch stroke values without FLD gave good agreement
with experimental results but signiﬁcantly over-predicted partic-
ularly for 5083-H18 due to its brittleness before reaching the
maximum strength point.6. Conclusions
The formability performance of the automotive friction stir
welded TWB sheets was experimentally and numerically investi-
gated for three aluminum alloys (6111-T4, 5083-H18 and 5083-O)
and DP590 welded sheets. The main objective of this macroscopic
study was to experimentally evaluate the formability performance
in three applications: the simple tension test with various weld line
directions, the hemisphere dome stretching and cylindrical cup
drawing tests. Numerical simulations were applied here mainly to
better understand the formability performance experimentally ob-
served. However, since the value of numerical study is hinged upon
its accuracy, thevalidationof numerical resultswasalso cared.As for
numerical applications, anisotropy in yield stress and weld zone
properties as well as weld zone geometry and forming limit dia-
grams were included here, unlike previous numerical analysis ef-
forts. Considering practicality; however, a uniform property wasassumed for the weld zone, ignoring its heterogeneous structure
and property. The followings were observed:
1. Experiment results were distinctively different depending
on materials investigated, since the difference of the mea-
sured properties of the weld from those of the base was so
various: as for weld zone properties compared to base prop-
erties, 6111-T4 had lower ﬂow stress with reduced ductility,
while 5083-H18 weld zone improved ductility with signiﬁ-
cantly lower ﬂow stress. 5083-O showed slightly larger
strength and ductility, and DP590 had larger ﬂow stress with
reduced ductility.
2. Numerical study of all three tests suggested that the form-
ability performance of the welded samples was dependent
on weld zone line arrangement as well as its ductility and
strength (involving ﬂow stress and thickness). Weld zone
ductility was most important if the major principal loading
direction was aligned with the weld zone line, while the
thickness and ﬂow stress of the weld zone were more impor-
tant if the major principal loading direction is vertical to the
weld zone line.
3. As for numerical accuracy, smaller mesh size improves accu-
racy but, considering the balance between accuracy and
practicality, a standard mesh size (1.0–2.0 mm) was
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Fig. 25. Punch load vs. stroke proﬁles in CCD tests: (a) 6111-T4 (SG); (b) 5083-H18 (SG); (c) 5083-O (SG); and (d) DP590 (SG).
Table 7
Failure punch stroke in cup drawing tests.
Materials Failure punch stroke (mm)
6111-T4 (SG) 15.5 (± 1.5)
5083-H18 (SG) 3.9 (± 0.5)
5083-O (SG) 13.9 (± 1.2)
DP590 (SG) 9.8 (± 0.2)
Table 8
Simulated failure punch stroke in cup drawing tests using model-B and model-C
(Model-B results are in [ ]).
Materials Failure punch stroke (mm)
With FLD Without FLD
Voce Hollomon
6111-T4 (SG) 13.8 [13.8] 15.4 [15.7] 15.7 [15.7]
5083-H18 (SG) 4.9 5.1 9.9
5083-O (SG) 14.0 14.0 14.3
DP590 (SG) 6.8 9.1 15.4
1080 D. Kim et al. / International Journal of Solids and Structures 47 (2010) 1063–1081determined through several trials. This size as well as the
iterative procedure to ﬁnd mesh proper size was not partic-
ularly different from the ones which are usually used for the
numerical simulations of sheet forming.
4. The implicit code was successfully applied in this work to
predict failure patterns using very ﬁne meshes
(0.4 mm  0.4 mm) along with FLD harnessed with a stress
softening scheme. However, since failure patterns developafter failure onset, this pattern study might not be so neces-
sary for formability evaluation and the standard mesh size
would be good enough for general formability study.
5. When failure is resulted from strain localization in simple
tension, the experimental failure line was inclined for the
Type-I specimen.
6. Detailed description of the weld zone thickness geometry in
numerical study was as import as that of ﬂow stress, since
strain localization is highly dependent on thickness variation
in the specimen.
7. Numerical results for load proﬁles (therefore, eu at the maxi-
mumload) agreed reasonablywellwithexperiments. Thegood
agreement may imply that the characterization of anisotropy
and hardening properties was successfully carried out.
8. Numerical results for failure onset locations and failure
strains were as accurate as those for loading proﬁles. The
discrepancy between experiment and simulation was
mainly incurred by the inaccurate weld zone property, more
speciﬁcally, the assumed uniform (and isotropic) property
and calculated FLD data.
9. The assumed uniform weld zone property was particularly
detrimental for DP590 and 6111-T4 since the weak strength
at HAZ of DP590 and the strength difference between the
advancing side and the retreating side of 6111-T4 were not
properly captured in the average properties.
10. When failure occurred at the weld zone, simulation perfor-
mance based on the calculated FLD was not as good as those
predicted for base zone failures based on the measured FLD.
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cially when failure involved strong strain localization; how-
ever, they severely overestimated formability when failure
was in a brittle nature aswas the case of 5083-H18. Therefore,
formability analysis based on FLD is recommended even
though the calculated FLD of the weld zonemight be intrinsi-
cally not so accurate as the measured FLD of the base zone.
11. When the mid plane strain was considered for FLD, more
reasonable results were observed.
12. As a ﬁnal conclusion, failure was determined by difference in
ﬂow stress, thickness and ductility at the base and the weld;
and the results were consistent with ﬂow stress and ductility
as well as thickness (at the weld zone) measured in the joint
paper in general, except 6111-T4 and DP590, for which more
reﬁned ﬂow stress variation at the weld zone was needed
instead of an average value. The formability performance
of FSW TWB sheets highly depends on the weld line arrange-
ment. Therefore, a deliberate design of the weld line
arrangement is required to achieve the best formability per-
formance when FSW sheets are introduced in automotive
forming applications. The numerical analysis, which is based
on anisotropy in yield stress, detailed weld zone geometry,
forming limit diagrams and one uniformweld zone property,
worked well in general. However, extra care is recom-
mended for DP590 for its weak HAZ property. If failure
accompanies strong localization, FLD might not be so
import; otherwise, accurate numerical prediction is highly
dependent on FLD properties both at the base and the weld.Acknowledgements
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